Ion-conducting garnets are important candidates for use in all-solid Li batteries and numerous materials have been synthesized with high ionic conductivities. For understanding ion conduction mechanisms, knowledge on Li + diffusion behaviour is essential. The proposed nano-scale lithium pathways are composed of tortuous and narrow Li + channels. The pulsed gradient spin-echo (PGSE) NMR method provides time-dependent 7 Li diffusion on the micrometre space. For powder samples, collisiondiffraction echo-attenuation plots were observed in a short observation time, which had not been fully explained. The diffraction patterns were reduced or disappeared for single-crystal garnet samples of Li 6.5 La 3 Zr 1.5 Ta 0.5 O 12 (LLZO-Ta) and Li 6.5 La 3 Zr 1.5 Nb 0.5 O 12 (LLZO-Nb). The inner morphology and grain boundaries affect importantly the collision-diffraction behaviours which is inherent to powder samples. The 7 Li diffusion observed by PGSE-NMR depends on the observation time (D) and the pulsed field gradient (PFG) strength (g) in both powder and single-crystal samples, and the anomalous effects were reduced in the single-crystal samples. The scattered Li diffusion constants converged to a unique value (D Li ) with a long D and a large g, which is eventually the smallest value. The D Li activation energy was close to that of the ionic conductivity (s). The D Li values are plotted versus the s values measured for four powder and two single-crystal garnet samples. Assuming the Nernst-Einstein (NE) relation which was derived for isolated ions in solution, the carrier numbers (N NE ) were estimated from the experimental values of D Li and s.
Introduction
From the first discovery of Li ion conduction in a garnet by Murugan et al. in 2007, 1 numerous studies of lithium garnets have focused on the intention to use solid-state lithium batteries as summarized by review articles. [2] [3] [4] In 2009, we were engaged in the synthesis and structural analysis of tetragonal Li 7 La 3 Zr 2 O 12 (LLZO) with a single-crystal sample. 5 The crystal structure of cubic LLZO was determined for which the Li ion migration pathway was proposed in 2011. 6 The molecular dynamics simulation of LLZO by Klenk and Lai suggested that finite size effects exist for ion dynamics. 7 In 2018, we reported the growth of centimetre-sized single crystals of Ta-containing Li 6.5 La 3 Zr 1.5 Ta 0.5 O 12 (LLZO-Ta). 8 The highest ionic conductivity of the powder LLZO-Ta was reported for the Li 6.6 La 3 Zr 1.6 Ta 0.4 O 12 sample. 9 Among the single-crystal samples of Nb-containing Li 7Àx La 3 Zr 2Àx Nb x O 12 (x = 0.2-0.8), the highest ionic conductivity was obtained for the x = 0.5 composition sample (LLZO-Nb).
The crystal structure of the single-crystal Li 6.5 La 3 Zr 1.5 Nb 0.5 O 12 suggested the existence of continuous Li pathways. 10 The ionic conductivities of the powder samples of the LLZO-Nb were reported to have the highest value for the x = 0.25 sample. 11 The stability of LLZO-Nb to Li metal was examined. 12 The Li ion dynamics in powder LLZO-Nb samples were studied by positive muon-spin relaxation (m + SR) and quasi elastic neuron scattering (QENS) and the activation energies obtained by the m + SR and QENS methods were smaller than those of the ionic conductivity. 13, 14 From the early stage of investigations on solid conductors, 6, 7 Li NMR spectroscopy has been recognized to be important in the study of Li ion dynamics, and review articles have described temperature-dependent spectral patterns and relaxation times precisely and widely. [15] [16] [17] For single-crystal garnet samples, 7 Li relaxation times have been reported. 18, 19 The 6, 7 Li relaxation phenomena are related to atomic-level Li migrations.
By contrast, pulsed-gradient spin-echo (PGSE) 7 Li NMR spectroscopy measures longer time and wider distance migration on the micrometre space. Actually, 7 Li diffusion constants have been measured for solution electrolytes used in Li ion batteries (LIBs), ionic liquids, viscous liquid electrolytes, and inorganic solid electrolytes. 20 Because Li diffusion is important for understanding ion conduction, the PGSE-NMR method has been recognized as one of the important techniques to study Li dynamics. Li diffusion coefficients can be assumed to be physical constants in homogenous solution electrolytes. However, Li diffusion in solid electrolytes was found to be anomalous that the diffusion phenomena depend on the measurement parameters, such as observation time (D) and the strength (g) of the pulsed field gradient (PFG). In addition, collision-diffractive patterns were observed for short D in powder electrolytes [21] [22] [23] [24] [25] including garnet-type electrolytes. For garnet-and NASICON-type powder electrolytes, we have described Dand g-dependent Li diffusion, and also Li diffusion and carrier number were plotted versus ion conduction, but unexplainable questions remained. 24 To understand the anomalous Li diffusion, it was extremely useful to observe single-crystal garnet LLZO-Ta. 26 In this study, we observed 7 Li diffusion behaviours of single-crystal LLZO-Nb and related samples to confirm the experimental findings for single-crystal LLZO-Ta. Deeper understanding will be gained on the anomalous Li diffusion in garnet-type electrolytes. Because of short 7 Li T 2 (generally less than 5 ms in powder samples and longer in single-crystal samples at room temperature) and slow Li diffusion, setting of the measurement conditions is severe and sophisticated hardware is required for PFG equipment.
Using the crushed sample of single-crystal LLZO-Nb, collisiondiffraction patterns were observed with very short D (at 2 ms shortest). The powder samples having grain boundaries are related to the collision-diffraction patterns in the echo-attenuation plots, because the collision-diffraction phenomena were reduced or disappeared in single-crystal samples. Using our data on Li diffusion constant (D Li ) obtained with long D and large g for four powder and two single crystal samples, the relationship between the D Li and the ionic conductivity s is discussed for garnet-type electrolytes. The Li + carrier numbers (N NE ) of the Nernst-Einstein (NE) equation calculated from the experimental values of s and D Li versus temperature are shown for the single-crystal and powder garnet-type electrolytes.
Experimental

Sample preparation
Single-crystal cubic LLZO-Nb (Li 6.5 La 3 Zr 1.5 Nb 0.5 O 12 ) was grown by the floating zone method. 10 The single-crystal sample was placed in an NMR sample tube (f 5 mm) with a height of about 6 mm. After Li diffusion measurements, the sample was cut into two 3 mm-high pieces. A crushed sample (fine powder) was prepared manually in a dry room from the single-crystal sample. A powder sample, cubic Li 6.75 La 3 Zr 1.76 Nb 0.25 O 12 , was prepared by Toshima Manufacturing Co., Ltd. The crushed and the powder samples were inserted into an NMR sample tube with a height of 6 mm. 7 Li diffusion was measured with the stimulated-echo pulse sequence for the short 7 Li T 2 samples as shown in Fig. 1 .
PGSE-NMR pulse sequence
The echo attenuation, E, is observed with the parameters g, d, and D, and the diffusion constant D is described by the Stejskal and Tanner equation (eqn (1)) for a homogeneous system.
where g is the 7 Li gyromagnetic ratio. By varying d Â g, the echo attenuation, E, can be measured, normalized by E 0 near d Â g = zero, and plotted versus b (
. For a diffraction pattern, the q-space plot is generally used where q = gdg/2p [m À1 ]. 7 Li NMR measurements 7 Li NMR spectra and 7 Li diffusion measurements were recorded using a tuneable PFG probe and an amplifier (50 A) purchased from JEOL, Tokyo, Japan. The probe was inserted into a widebore 4.7 Tesla superconducting magnet and the 7 Li resonance was 78.5 MHz. The 901 pulse width was about 10 ms. The temperature was determined using ethylene glycol. The PFG has a rectangular shape and the results obtained using a fixed g with varying d agreed well with those observed for a fixed d with varying g in solution electrolytes. The two PFGs applied with a short interval (10 ms or shorter) and large g (10 T m À1 or larger) were equivalent. The eddy current effects disappeared after 0.35 ms induced by the application of the PFG with a strength g = 14 T m À1 . The PGSE-NMR measurements were performed generally with a fixed g and varying d from 0.1 to 4.0 ms (in a special case, to 8.0 ms), between g = 5.6 and 14.3 T m À1 and D = 10 and 100 ms. Two types of additional measurements were performed for the crushed sample at 65 1C, in the first case, with a fixed D = 5 ms for g = 2.7 to 10.0 T m À1 (6 points) and secondly, with a fixed g = 10.0 T m À1 for D = 2 to 30 ms (9 points). The spectra were measured using a Tecmag Apollo and NTNMR system (Houston, TX, USA). Origin 9.1 software was used to plot the measured data. To determine the measurement parameters, 7 Li T 1 and T 2 are important and the temperature dependences are shown in Fig. 2 (a) for T 1 and Fig. 2 (b) for T 2 of the three LLZO-Nb samples. In the present temperature region, the T 1 values decreased as the temperature increased and the powder sample showed the longest T 1 , next was the crushed sample, and the T 1 of the single-crystal sample was shortest at the same temperature.
By contrast, the single-crystal sample showed the longest T 2 , next was the crushed sample, and the powder sample had the shortest T 2 (0.8 ms at 30 1C). The longer T 2 has an advantage of giving better sensitivity in echo signals for diffusion measurements. In the higher temperature region, a small component with a shorter T 2 was observed additionally for the single-crystal and crushed samples, although the spectral patterns appeared as a single component. The fast T 2 components did not contribute to the echo signals.
Li diffusion in short D
The single-crystal sample of LLZO-Nb (height 6 mm) was used for the whole measurements because of the sensitivity of the echo attenuation plots for long D (50 to 100 ms), and in the final stage the sample was cut into two pieces to observe the echo-attenuation plots for shorter D. The collision-diffraction echoattenuation plots are shown in Fig. 3 for (a) a 6 mm-high singlecrystal sample and (b) two cut samples two months after the cutting. The measurement conditions were used following a previous study on the single-crystal LLZO-Ta (Li 6.5 La 3 Zr 1.5 Ta 0.5 O 12 ), 26 with D = 10 ms and g = 10.0 T m À1 by varying d = 0.1 to 8.0 ms. The echo-attenuation plot of the 6 mm-high single-crystal LLZO-Nb sample gave a distorted diffractive pattern, whereas short samples I and II showed smooth patterns without clear diffraction. The collision-diffraction patterns of the 3 mm-high samples observed soon after the cutting are shown in Fig. S2 (ESI †), in which multiple diffractions were observed for sample II. Clearly, structure relaxation took place in single-crystal sample II. We did not expect such structural relaxation in the single-crystal sample observed in short D, which confirmed the consistency of the diffusion data at long Ds after two months. Although the collision-diffraction pattern was observed for the 6 mm-high sample, the cut samples did not show a clear diffraction pattern. This suggests that the 6 mm-high sample included the origin of the diffraction, such as cracks or singlecrystal imperfections, in its inner morphology. The echoattenuation plots of sample I (3 mm-high sample) were almost unchanged soon after cutting and two months later, whereas sample II showed a smooth curve in Fig. 3 Experimentally, we tried to pursue the characteristics of the collision-diffractions phenomena using the crushed sample of LLZO-Nb. In the q-space plots, the inverse of the q-value at a diffraction point is defined as R diffraction [m] . The main interest is what is the longest R diffraction value. Previously, we indicated that at a fixed g-value, the R diffraction values became smaller for a longer D. [21] [22] [23] [24] [25] Then, we tried to observe the echo-attenuation plots for shorter D values of 5, 4, 3, and 2 ms at a fixed g = 10.0 T m À1 with d varying up to 4, 3, 2 and 1 ms, respectively ( Fig. 5(a) ). The measurements were performed by using the Hahn echo pulse sequence (901-t-1801-t-echo). A comparison was carried out to observe the echo attenuation plots with the STE and Hahn echo pulse sequences ( Fig. S6 (ESI †) ).
These measurements were our first trials to challenge the observation of short D with large g values such as 10 T m À1 , because short D experiments were not necessary to obtain diffusion constants in homogeneous liquid systems. All the plots looked reasonable in our machine, and were hardly affected by hardware artifacts of non-equivalent PFGs for short D and large g. We previously noticed that the echo-attenuation plots were dependent on g, and in this study, g was set at values from 10.0 to 2.7 T m À1 with D = 5 ms, as partly shown in Fig. 5(b) . The q value of the diffraction point became smaller when g became smaller; the R diffraction values increased for smaller g.
The R diffraction values of the crushed LLZO-Nb were obtained in each plot at 65 1C and are summarized in Fig. 6(a) with a fixed g of 10.0 T m À1 for various D values from 2 to 30 ms and Fig. 6(b) with a fixed D = 5 ms with various g = 2.7 to 10.0 T m À1 . When multiple diffractions were observed, each R diffraction value was included. The largest R diffraction values were 6.2 and 6.3 mm for g = 10.0 T m À1 with D = 2 ms and g = 2.7 T m À1 with D = 5 ms, respectively. Approximate apparent Li diffusion constants obtained from the initial linear plots were 8 and 2 Â 10 À10 m 2 s À1 for D = 2 ms/g = 10 T m À1 and D = 5 ms/g = 2.7 T m À1 measurements, respectively.
In a short time interval, some Li ions in powder samples diffuse quickly for a long distance until collision-diffraction. Faster diffusing Li ions might exist, which the PGSE-NMR method cannot observe. 
D-Dependent diffusion
Li-Diffusion in LLZO-Nb depends on the observation time D as for the single-crystal, crushed and powder samples at 65 1C with g = 10.0 T m À1 (Fig. 7) . Clearly, the variation was smallest for the 6 mm-high single-crystal sample. The crushed sample showed a larger variation, and the D-dependence of the powder sample was the largest. For short D values, diffraction patterns were observed, including the 6 mm-high single-crystal sample.
The apparent diffusion constant (D apparent ) for various measurement parameters was obtained from an initial linear decay for each echo attenuation plot in Fig. 7 . The D apparent values were plotted versus D for the three LLZO-Nb samples at 65 1C (Fig. 8) .
The D-dependece decreased in the order single-crystal o crushed o powder samples, suggesting that the inner molophorogy affects the D-dependence, and the single-crystal sample showed the smallest D-dependence.
As descrived above, the 6 mm-high single-crystal sample was cut into two 3 mm-high samples: I (better morphology) and II. The D-dependence for the three single-crystal samples is shown in Fig. S7 (ESI †) . At short D, the D apparent value was sensitive to the inner morphologies of the three single-crystal samples and the better quality sample showed a smaller D-dependence. The D Li values obtained at long D (longer than 100 ms) were mutually consistent in the three samples.
g-Dependent diffusion
The phenomena of g-dependent Li diffusion in solid inorganic electrolytes were recognized experimentally. In the early stage, we felt that the experimental results were not as expected. We did not observe g-dependent diffusion in solution electrolytes. Because of our diffusion measuring mode in which the echo attenuations are plotted with a fixed g and varying d, we are convinced that the g-dependent phenomena are real facts. Previously, the echo attenuation plots for solid inorganic electrolytes were shown to be different in the two modes of a fixed d with varying g and a fixed g with varying d. 21, 26 In this study, the three samples with different morphologies were compared at 65 1C, and the g was varied from 5.6 to 14.3 T m À1 with D = 30 ms (Fig. 9 ). The single-crystal sample showed a small g-dependence and actually the D apparent values were almost unchanged between g = 5.6 and 11.4 T m À1 .
To confirm the g-dependence at various D values for the 3 mm-high single-crystal sample, we observed g-dependent diffusion between 4.2 and 14.3 T m À1 with D = 20, 30, and 50 ms at 38 1C ( Fig. S8 (ESI †) ). Clearly, the dependence on g was larger in shorter D and also with smaller g. For longer D and larger g, the D apparent values converged to a single value of D Li , which was the smallest value among various values with different g and D values. These trends were consistent with the experimental facts observed previously for powder samples of garnets, 21, 22 LAGP, 23, 24 and LLTOs. 25 The degree of scattering was much smaller in the single-crystal samples. The g-dependence is induced by non-uniform, dispersive Li diffusion. It was clearly shown that in single-crystal samples, dispersive Li diffusion exists, but is significantly smaller than in the powder and crushed samples.
Temperature dependence
The Li diffusion in the LLZO-Nb samples is dependent on the measurement parameters of g and D; that is, distributed D apparent values are observed. By contrast, ionic conductivity can be determined as a single value in the garnet-type At D = 10 ms, the D values were largest for the powder, followed by crushed sample, and the slowest for the single-crystal sample. In contrast, at D = 100 ms, the single crystal sample gave the fastest D value, followed by the crushed sample, and the powder sample gave the slowest value. Fig. 9 The D apparent values versus g at 65 1C with D = 30 ms for the powder (up-triangles), crushed (down-triangles) and single-crystal (circles) LLZO-Nb samples. The D apparent values of the single crystal were insensitive to g-values and changed from 2.2 to 1.4 Â 10 À12 m 2 s À1 . The D apparent values of powder and crushed samples changed from 4 Â 10 À12 to 5.7 Â 10 À13 m 2 s À1 and from 3.8 to 1.1 Â 10 À12 m 2 s À1 for g = 5.6 to 14.3 T m À1 , respectively. electrolytes by impedance spectroscopy. It is established that ion conduction is induced by Li + diffusion. Determination of a unique value for Li diffusion at a temperature is desirable. Our previous studies indicate that the parameter-independent lithium diffusion constant (D Li ) is a value obtained by using long D and large g values. In this study, we set D = 100 ms and g = 10.0 T m À1 to obtain D Li values and Arrhenius plots are shown for single-crystal, crushed, and powder samples of the LLZO-Nb (Fig. 10) .
Because of the short T 2 of the powder sample, the diffusion measurements were possible above 58 1C. At this temperature, the D Li of the single-crystal sample was largest, followed by the crushed sample, and the powder sample gave the slowest D Li values. The activation energies (about 38 kJ mol À1 ) were close to those of the ionic conductivity (39.8 kJ mol À1 for the single crystal). The apparent activation energy for the Li diffusion obtained at shorter D values was always smaller for inorganic solid electrolytes hitherto observed. For reference, Arrheniustype plots of D apparent values for the 3 mm-high single crystal sample are shown in Fig. S9 (ESI †) with setting g = 7.1, 10.0, and 12.9 T m À1 at D = 30 ms. Different gradients were obtained for different g values.
Discussion
In garnet-type Li electrolytes, the s has been always a unique value at a certain temperature. The s is defined as the Li + velocity multiplied by the Li + carrier number, in which the charges move continuously from one electrode to another. It is not certain how long and at what speed each Li + ion moves. By contrast, the 7 Li diffusion by the PGSE-NMR method is described as the migration of a species during the time interval D. As shown in Fig. 1 , the first PFG encodes the target 7 Li ions, and after the time D the encoded species are detected by the second PFG. If the 7 Li ions diffuse uniformly in homogeneous liquids, they are all detected by the second PFG to give a definite diffusion constant without dependence on D and g. The Li pathways at the atomic level reported for garnet electrolytes have been indicated to be narrow and tortuous without free Li diffusion space. 6, 10 Then, dispersive Li diffusion in micrometre space for inorganic solid electrolytes can be assumed. Generally, slower diffusion is measured by larger g in solution. In the solid electrolytes, the D apparent values became smaller when observed with larger g. The experimental findings indicate the existence of dispersive Li ion migration at various speeds. When D becomes shorter, the distribution of the dispersive Li migration becomes larger. Because of averaging processes for longer D times, the distribution is reduced and is convergent to a unique value when D is long enough.
The temperature-dependent Li diffusion observed at shorter D with the same g gives smaller activation energy values in powder samples, indicating that the processes are less thermally activated. 27 In this study, at D = 30 ms the temperaturedependent Li diffusion of the 3 mm-high single crystal LLZO-Nb was observed for three g values as shown in Fig. S9 (ESI †) . The gradients of the Arrhenius-type plots were different depending on g values at D = 30 ms. In shorter D, the dispersive Li diffusion will not give values having physical meanings. The relative Li numbers observed with different g values cannot be determined, and it is difficult to extract exact physical meanings for each gradient. The measurements with longer D afford a unique value of D Li and its activation energy estimated was close to that of s.
We have reported on the temperature-dependent D Li of powder samples of c-LLZO, 22 c-LLZO-Ta, 21 and c-LLZO-Al-Ta 9 and c-LLZO-Nb (in this study) and Arrhenius-type plots of the D Li values of the garnets are shown in Fig. 11 , including the single-crystal LLZO-Ta and LLZO-Nb samples. The D Li values of the powder samples were measured at higher temperatures (above 60 1C) due to the short 7 Li T 2 at lower temperatures. Clearly, the single-crystals showed higher D Li over the whole temperature range measured. The activation energies of the single-crystal and powder samples of LLZO-Ta and LLZO-Nb were about 38 kJ mol À1 . The powder LLZO-Al-Ta and c-LLZO showed slightly smaller activation energies of 33 kJ mol À1 .
In Fig. 12 , the D Li values are plotted versus s for the garnets of four powder and two single-crystal samples. The relationship Classically, the relationship between ion diffusion constants and s has been described by the Nernst-Einstein (NE) relation based on completely isolated ions in solution. For actual solution electrolytes, the concept of ion association needs to be included. In inorganic solid Li electrolytes of immobile anions, the ionic conduction is driven by the diffusion of Li ions, and the NE equation is given as eqn (2), 28
where k is the Boltzmann constant and e is the elementary charge. N NE , the number of carrier ions, can be written as
In this study, the temperature dependent N NE values can be estimated because the temperature-dependent experimental values of the s and D Li are available. From the experimental D Li and s values, the Li + carrier numbers, N NE , were simply calculated using eqn (3) and are plotted in Fig. 13 versus temperature.
From Fig. 13 , the temperature dependence of the N NE values for the metal-containing LLZO is small. The c-LLZO sample showed slight temperature dependence, although the N NE values were more than two orders of magnitude smaller. The N NE values were clearly larger for the garnet sample having large s values. In eqn (3), the units of s (S cm À1 ) and D Li (cm 2 s À1 ) were used, and the calculated N NE is assumed as the mobile Li + number in cm 3 . The calculated values of N NE seem very large because of Avogadro number (6.022 Â 10 23 mol À1 ). Then the number of Li atoms in cm 3 was calculated by using the experimental density at room temperature and the molecular weight (see Table SI (ESI †)). The estimated Li atomic numbers were 2.3-2.5 Â 10 22 cm À3 for the garnet samples in the present study. The N NE of c-LLZO at 58 1C was 3.3 Â 10 20 , and about 1.3% Li + is mobile. In contrast, in the metalcontaining LLZO samples, the N NE values in Fig. 13 are larger than 1 Â 10 23 cm À3 and also larger than the Li atom numbers of B2.4 Â 10 22 cm À3 . The 7 Li NMR spectra of these garnets included broader components that do not contribute to Li + diffusion. Based on the NE relation derived for isolated ions in solution systems, the large N NE values are not reasonable.
The ionic conductivity is defined as the velocity of movement from one electrode to another (in unit length) multiplied by the number of charge-carrying ions. Ions start from one electrode and pass the charge successively to other ions, and different ions arrive at another electrode. The distance and speed for each Li ion are not known with certainty. In the PGSE-NMR method, the D Li values in Fig. 11-13 were obtained around D = 100 ms. Encoded 7 Li ions by the first PFG diffuse during 100 ms and are detected by the second PFG. In terms of root-mean-square distance ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi 2DD Li p À Á , the Li ions diffuse at 65 1C for 1.6 and 0.6 mm in the single-crystal and powder samples of LLZO-Nb, respectively. Because the concept of ionic conduction is quite different from Li diffusion, the simple application of the NE equation in solid inorganic electrolytes is questionable. However, the explanation that larger carrier ion numbers contribute to larger s might be understandable.
Finally, the diffractive echo-attenuation plots with short D are one of the important hints toward understanding Li diffusion. In the good single-crystal samples of LLZO-Ta and LLZO-Nb, diffraction patterns were not observed. This suggests that the anomalous diffraction patterns are not artefacts due to the hardware being incomplete, such as prolonged eddy current effects, non-equivalent PFGs in short D, and PFGs in a non-rectangular shape. The cause of the diffraction in powder samples is the collision of Li ions through winding micrometresized Li diffusion channels. The Li movement across grains in the powder samples may cause the collision and diffraction. The PGSE-NMR method observes the diffusion trajectory at each D like a snapshot. In the crushed sample of the LLZO-Nb, the collision-diffraction echo-attenuation plots were observed in the wide range of D and g. As extreme examples, when D was very short such as 2 ms, some 7 Li ions diffused quickly over long distances for example 6 mm, until the collision-diffraction occurred on the walls of the pathways or grain boundaries. When the D became longer such as D = 5 ms, some Li + ions moved quickly to collide at 6 mm detected by the small g, whereas slower-diffusing Li ions collided in shorter distances, as detected by the larger g. The experiment with D = 2 ms was the shortest limit in our PGSE-NMR machine. The g-dependent diffusion suggests the distribution of Li diffusion at a certain D. The single-crystal samples also showed g-dependence at a smaller degree than that in the powder samples. Compared with the Li diffusion in powder samples, the Li diffusion in the single-crystal samples is more homogeneous, but not as homogeneous as in liquid electrolytes.
Finally, we plotted the relationship of D Li vs. s and N NE vs. s for solid electrolytes near room temperature hitherto reported, which are presented in a chapter of Annual Reports on NMR Spectroscopy. 20 In this paper, we added the data of the singlecrystal LLZO-Ta and the powder and single-crystal LLZO-Nb. The relationship is shown between D Li and s ( Fig. S10 (ESI †) ) and N NE and s ( Fig. S11 (ESI †) ). In addition, the numerical data of the D Li and s and N NE are shown in Table SII (ESI †) .
Conclusions
The 7 Li PGSE NMR method can provide information on Li diffusion in inorganic solid electrolytes and contribute to understand ion conduction mechanisms in micrometre space. Experimental measurements of Li diffusion in powder samples of sulfide-, garnet-, NASICON-, and perovskite-type electrolytes are possible, but the results were very anomalous as Dand g-dependent apparent Li diffusion constants were obtained. In addition, in a short observation time (D), diffractive echo attenuation plots were observed. Good-quality single-crystal samples of LLZO-Ta and LLZO-Nb proved to reduce anomalous Dand g-dependent Li diffusion phenomena observed in the powder samples of garnets and other inorganic solid electrolytes. The inner morphologies deeply affect non-uniform and dispersive Li diffusion in powder samples. Particularly, grain boundaries in powder samples are shown to be origins of collision-diffraction behaviours in short D. Using the Nernst-Einstein (NE) relation, the Li + carrier numbers were estimated from the experimental values of ionic conductivity and D Li obtained at long D. The temperature dependence of the NE carrier numbers was small in garnet samples, and they were larger than the atomic Li numbers in cm 3 for metal-containing garnet electrolytes except for cubic-LLZO.
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